In this work, MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell arrays structure on graphenedecorated nickel foam were successfully prepared, which were featured by porous MnO 2 nanoflakes shell and one-dimensional MgCo 2 O 4 nanowires core directly grown on the graphene. The morphologies of MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell arrays can be tuned by changing the hydrothermal reaction times. Due to the synergistic effect of graphene, MgCo 2 O 4 nanowires, and MnO 2 nanoflakes, the optimized MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell arrays electrode materials exhibited excellent electrochemical performance such as high specific capacitances of 887.3 F g -1 at a current density of 1 A g -1 and good long-term cycling stability over 3000 cycles at a high current density of 10 A g -1 .
INTRODUCTION
In order to solve the worldwide energy shortage and environmental pollution problems caused by the increasing energy consumption, the development of green energy and energy storage devices has been widely concerned [1] . Supercapacitors are one of the most popular electrochemical devices for energy storage. It has good fast charge-discharge capability, stable cycle life, and good safety [2] [3] [4] . In spite of these advantages, the energy density of supercapacitors still needs to be further improved for wider range of applications. The key to solve the problem of low energy density of supercapacitors is to develop high-capacity active electrode materials, while maintaining good rate performance and cycle stability [5] . A large number of studies have shown that the most effective strategy to improve electrode performance is to construct various kinds of active core-shell structure materials on the conductive substrate [6] [7] [8] [9] [10] . The multi-component core-shell structure can provide more electrochemical activity by improving the transmission path of electrons and ions, and can make full use of the synergy between different components, greatly improving the electrochemical performance of electrode materials [11] .
In a variety of supercapacitor electrode materials, cobalt based materials have been widely studied because of their high electrochemical capacitance [12] [13] [14] . Magnesium cobaltate (MgCo 2 O 4 ) is an important ternary oxide material, which has high theoretical capacitance (about 3122 F g -1 ) [15] .
Due to the limitation of low electric conductivity, MgCo 2 O 4 with simple component structure shows relatively low specific capacitance at high current densities [16, 17] . Recently, much effort on the construction of multi-component structure for novel electrode materials has been devoted, which effectively improved the electric conductivity of electrode materials and thus promote the electrochemical performance. 
EXPERIMENTAL

Materials
Analytical grade chemicals of magnesium nitrate (Mg(NO 3 ) 2 •6H 2 O), urea (CO(NH 2 ) 2 ), cobaltous nitrate (Co(NO 3 ) 2 •6H 2 O), ammonium fluoride (NH 4 F), and potassium permanganate (KMnO 4 ) were used as the starting materials without further purification.
Synthesis of graphene decorated nickel foam (G-NF)
G-NF was prepared by the chemical vapor deposition (CVD) method according to the previous report with slight modification [20] . Firstly, one piece of cleaned nickel foam (NF) was heated at 1000 o C for 60 min (heating rate of 30 o C/ min) in a quartz tube, with the flowing mixed gas of H 2 (10 sccm) and Ar (300 sccm). Secondly, CH 4 (60sccm) was loaded for another 15 min. Finally, the furnace was fast cooled down under a H 2 /Ar flow and then G-NF was obtained.
Synthesis of MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell arrays on G-NF (MMO/G-NF)
In a typical synthesis procedure, about 03461 g Mg(NO 3 ) 2 
Materials characterization
The phase compositions were analyzed via x-ray diffraction (XRD). The morphologies and microstructures were determined using field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). Chemical compositions and valence states were determined by X-ray photoelectron spectroscopy (XPS).
Electrochemical characterization
The electrochemical performances of a three-electrode system were measured in 6.0 M KOH aqueous solution with an electrochemical workstation (CHI 660E). Pt and Ag-AgCl electrode were used as the counter and reference electrode, respectively. The as-prepared MM/G-NF samples were used as the working electrodes. Cyclic voltammetry (CV) was conducted at scan rates of 5, 10, 20, 50, and 100 mV s -1 . The galvanostatic charge-discharge (GCD) was measured at current densities of 1, 2, 5, 10, and 20 A g -1 . Electrochemical impedance spectroscopy (EIS) was conducted in the frequency range of 0.01-100 kHz with a potential amplitude of 5 mV.
RESULTS AND DISCUSSION
Structural and morphology analysis
The Figure 3a , it can be seen that the G-NF substrate was densely coated with nanowires arrays. With the side observation in Figure 3b , the thickness of the nanowire arrays are found to be about 2.5 μm. From the closer observation in Figure 3c , it can be seen that the nanowires were interwoven to form porous net-like structure. High-magnification SEM image corresponding to marked area in Figure 3d clearly showed that the surface of nanowires are coated with nanoflakes. In comparison with the morphology of sample MgCo 2 O 4 /G-NF in Figure 2d , one can easily deduced that the nanowires are MgCo 2 O 4 phase and the nanoflakes are MnO 2 phase. Figure 3e shows the TEM image of a piece of nanoflakes, it can be seen that the nanoflakes are very thin and highly porous. The selected-area electron diffraction (SEAD) (the inset of Figure 3e ) demonstrated the existence of diffuse diffraction rings, indicating highly polycrystalline nature of MnO 2 nanoflakes. The high-resolution TEM (HRTEM) showed the distinct interlayer spacings of 0.19 nm, which corresponds to the (-111) plane of the birnessite-type MnO 2 [22] . Moreover, pores with 5-10 nm in diameters can be clearly seen.
To obtain detailed information on the surface composition and redox states of sample MMO/G-NF-6h, XPS measurements were carried out and the results are shown in Figure 4 . The general survey scan of the entire spectrum was calibrated with a C 1s standard (284.8 eV) before analysis. Figure 4a shows the survey spectrum of sample MMO/G-NF-6h, which mainly contain five core-levels peaks of Mg 1s, O 1s, C 1s, Co 2p, and Mn 2p. The Mg 1s peak (Figure 4b ) is about 1303.1 eV, which agrees with the previous literature reports [23, 24] . The Co 2p spectrum (Figure 4c) shows the standard Co 2p3/2 and Co 2p1/2 peaks of MgCo 2 O 4 at around 796 and 781 eV, respectively, thus implying that Co exists in both Co 2+ and Co 3+ state [25] . The associated satellite peaks are also observed, which agrees with previous reports [26] . Figure 4d shows the Mn 2p spectrum of the sample. It can be found that there are two intense peaks around 653.6 and 642.2 eV, which indicates the existence of Mn 2+ . In the O 1s spectrum (Figure 4e ), the asymmetric O 1 s peaks could be decomposed into three contributions of 529.8, 531.6, and 533.9 eV, which can be attributed to the metal-oxygen bond, oxygen in OH -groups, and mixed composition containing Co 2+ ， Co 3+ , and Mn 2+ ions [21] . As shown in Figure 4f , the C 1s peak can be divided into three curves in the range of 283-290 eV [27] . To investigate the effect of hydrothermal reaction times on the morphology of MgCo 2 O 4 @MnO 2 core-shell arrays, several parallel experiments are performed. By changing the hydrothermal reaction times, different morphologies of MgCo 2 O 4 @MnO 2 core-shell arrays can be obtained ( Figure 5 ). When the hydrothermal reaction time is 3 h (sample MMO/G-NF-3h), the MnO 2 nanoflakes are homogeneously distributed on the surface of MgCo 2 O 4 nanowires, indicating the formation of MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell structure (Figure 5a and 5d) . The diameters of core-shell nanowires are about 100 nm, which is larger than those of MgCo 2 O 4 nanowires (Figure 2d ). When the hydrothermal reaction times increased to 6 h (sample MMO/G-NF-6h), the morphology of MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell structure are also clearly observed, except that the diameters of core-shell nanowires increased to about 120 nm (Figure 5b and 5e ) . Apparently, the increased in diameters is ascribed to the growth of MnO 2 nanoflakes. When the hydrothermal reaction times prolonged to 12 h (sample MMO/G-NF-12h), the MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell structure was hardly observed because of the coverage by overgrown MnO 2 nanoflakes. The as-prepared MgCo 2 O 4 @MnO 2 core-shell arrays/G-NF samples were evaluated as supercapacitor electrodes. Figure 6a shows the CV curves measured at a scan rate of 5 mV s -1 with the voltage range of 0-0.5 V. The distinct redox peaks originated from the faradaic redox reactions can be observed for all three samples [28] . The areas of CV curves of sample MMO/G-NF-6h and MMO/G-NF-12h are comparable, which are larger than that of sample MMO/G-NF-3h, representing higher capacitance. Figure 6b to 6d shows the CV curves at different scanning rates for samples MMO/G-NF3h, MMO/G-NF-6h, and MMO/G-NF-12h, respectively. When the scan rates increase from 5 to 100 mV s -1 , the CV curves for all samples exhibit enlarged areas as well as similar curve shape, which indicates fast redox reactions enabled by the unique MgCo 2 O 4 nanowires@MnO 2 nanoflakes coreshell structure on G-NF. It is noted that sample MMO/G-NF-6h shows the highest curve areas among three samples at relatively high scanning rates, such as 50 mV s -1 and 100 mV s -1 . Thus we anticipated that sample MMO/G-NF-6h could exhibit good high-rate electrochemical performance. The specific capacitance (C s ) can be calculated with the equation C s =I /( ) [29] , where I, , , represents the discharge current, time, the mass of active materials, and the potential drop, respectively. The calculated specific capacitances of three samples are listed in Table 1 . It is seen that sample MMO/G-NF-6h delivered the specific capacitances of 887.3, 784.5, 690.0, 615.1, and 510.4 F g -1 at the current densities of 1, 2, 5, 10, and 20 A g -1 , respectively.
Comparatively, sample MMO/G-NF-12h exhibited the specific capacitances of 953.8, 848.1, 696.3, 580.1, and 405.2 F g -1 at the current densities of 1, 2, 5, 10, and 20 A g -1 , respectively. Apparently, sample MMO/G-NF-6h displayed the better electrochemical performance at high current densities than sample MMO/G-NF-12h, which is in accordance with the CV results shown in Figure 6 . Figure 8 shows the comparison of the electrochemical performance (specific capacitance versus specific current) of as-prepared MgCo 2 O 4 @MnO 2 core-shell arrays/G-NF samples with other MgCo 2 O 4 -based supercapacitor electrode materials. It can be seen that our MgCo 2 O 4 @MnO 2 coreshell arrays/G-NF samples exhibited high specific capacitance and good high-rate performance. In particular, the sample MMO/G-NF-6h in this work exhibit outstanding high-rate electrochemical performance with the highest specific capacitance of 510. 4 Since the long-term cycling performance of supercapacitor electrode is an important index for the practical application, the as-prepared MgCo 2 O 4 @MnO 2 core-shell arrays/G-NF samples were cycled at a current density of 10 A g -1 for 3000 times, as shown in Figure 9a . Among three samples, sample MMO/G-NF-6h exhibited robust specific capacitance and excellent cycling stability, which delivered the highest specific capacitance of 529.1 F g -1 and the highest capacitance retention ratio of 86.0 % after being cycled 3000 times. As can be seen in Table 2 , the specific capacitance of sample MMO/G-NF-6h after being cycled 3000 times at the current density of 10 A g -1 is superior to that of MgCo 2 O 4 hierarchical architectures cycled at the same current density, and even better than those of MgCo 2 O 4 based materials cycled at smaller current densities that are more beneficial to obtain large capacity. Figure 9b to 9d shows the SEM images of sample MMO/G-NF-6h after being cycled for 3000 times. It is seen that MgCo 2 O 4 @MnO 2 core-shell structure still remained homogenously distributed on nickel foam skeleton (Figure 9b ). The morphology of nanowires did not obviously change (Figure 9c ) and the nanoflakes can be seen on the surface of nanowires (Figure 9d ), indicating the structure stability of MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell structure. This work Figure 10 shows EIS spectra of the MgCo 2 O 4 @MnO 2 core-shell arrays/G-NF samples. The EIS curves are composed of a semicircle and an oblique line. According to the equivalent circuit (inset in Figure 10 ), R ct is the resistance of Faradic charge transfer; C L is double layer capacitance; Z w is the Warburg impedance, R s is the internal resistance of the solution [31] . From the intersection value of the semicircle at real part Z ' , the value of R s can be obtained. It is apparent that sample MMO/G-NF-6h has the lowest value of R s among three electrodes and more ideal slope of straight line, which indicates that sample MMO/G-NF-6h has fast migration of charge carriers. The superior electrochemical performance of sample MMO/G-NF-6h can be ascribed to the synergistic effect of different components including graphene, MgCo 2 O 4 nanowires, and MnO 2 nanoflakes: (i) The graphene can improve the electron transportation of electrode materials, and also play as a buffer layer between MgCo 2 O 4 nanowires@MnO 2 nanoflakes core-shell structure and the nickel skeleton, which effectively strengthened the mechanical adhesion and improve the cycling stability [32] . (ii) The direct growth of the MgCo 2 O 4 core nanowires on graphene could ensure every nanowire participates in the ultrafast electrochemical reaction at high current densities. (iii) The porous MnO 2 nanoflakes shell grown on the surface of structure MgCo 2 O 4 nanowire can promote ions penetration and shorten transport path of electron and ion, which improve the capacitance of electrode materials. It seems that the thickness of MnO 2 shell is crucial for the electrochemical performance of the MgCo 2 O 4 @MnO 2 core-shell arrays/G-NF samples. For sample MMO/G-NF-3h, the MnO 2 shell was relatively thin that could not effectively form interconnected MnO 2 network, the transport path of electron and ion were not fully shortened. For sample MMO/G-NF-12h, the MnO 2 nanoflakes were overgrown on the MgCo 2 O 4 nanowires, which made the structures unstable and lowered the high-rate electrochemical performance. Consequently, sample MMO/G-NF-6h has excellent high-rate electrochemical performance and good long-term cycling performance, which can be ascribed to the optimized MgCo 2 O 4 @MnO 2 core-shell arrays structure. These remarkable electrochemical performances indicated that the core-shell arrays electrode materials could be a promising candidate for high-performance supercapacitor.
